Rapid and reversible changes in nucleosome structure accompany the activation, repression, and superinduction of murine fibroblast protooncogenes c-fos and c-myc [ Communicated by Igor Tamm, April 13, 1987 (received for review February 10, 1987 ABSTRACT A procedure for the isolation of transcriptionally active nucleosomes was used to monitor changes in chromatin structure during the activation, repression, and superinduction of the protooncogenes c-fos and c-myc. Nuclei were isolated from murine fibroblasts at successive times after stimulation of quiescent cell cultures with serum or plateletderived growth factor. The nucleosomes released by a brief micrococcal nuclease digestion were fractionated by Hg1I- 
expression by an inhibitor of protein synthesis (cycloheximide) was reflected in the persistence of the unfolded, transcriptionally active state of their component nucleosomes. These results provide direct evidence that rapid and reversible changes in nucleosome topography accompany the program of oncogene expression, and they suggest a way to monitor aberrant gene activity during malignant transformation. The experiments to be described deal with the relationship between chromatin structure and transcription of the protooncogenes c-fos and c-myc. We used an affinitychromatographic procedure for the purification of nucleosomes containing transcriptionally active DNA sequences (1) to monitor the changes in conformation of the nucleosomes along the protooncogenes as their transcription is activated or repressed. The technique is based on earlier observations that nucleosomes in transcriptionally active ribosomal genes unfold to uncover the sulfhydryl groups of histone H3, making them accessible to sulfhydryl reagents (2) . This suggested that the unfolded nucleosomes of active genes could be retained selectively on organomercurial agarose columns. The feasibility of this approach has been confirmed by studies showing that liver nucleosomes retained by a Hg" column are enriched in DNA sequences transcribed by hepatocytes (e.g., serum albumin and transferrin genes) but lacking in DNA sequences not transcribed in the liver, but in the brain (e.g., preproenkephalin DNA) (1) .
What was not clear from those experiments was whether the SH-reactive state of the nucleosome is a dynamic configuration, unfolded only during transcription and refolding when transcription is terminated, or whether the unfolded state persists after transcription has ceased. To answer this question requires the analysis of nucleosome conformation along the same gene in its active and inactive states. For this reason we selected a system in which the timing of expression of well-defined DNA sequences can be controlled experimentally.
The response of quiescent murine fibroblasts (3T3 cells) to growth factors involves a transient activation of the protooncogenes c-fos and c-myc as the cells are stimulated to reenter the growth cycle (3) (4) (5) (6) (7) (8) . Transcription of the c-fos gene in BALB/c 3T3 cells is activated within minutes after the addition of fresh serum, or platelet-derived growth factor (PDGF), to the culture medium. Transcription peaks within 10-20 min and then declines abruptly, returning to initial low levels by 30 min (4, 5) . The transcription of c-myc begins at about 30 min, peaks at 1-2 hr, and declines to preactivation levels at about 4 hr (4). Because all of these events take place before DNA synthesis begins (4, 6) , the analysis of changes in nucleosome structure due to transcription is not complicated by changes taking place during nucleosome assembly at the replication fork.
We have used 32P-labeled cDNA probes for c-fos and c-myc to analyze the DNA sequence contents of nucleosome fractions separated by Hg"I-affinity chromatography at different times after serum or PDGF stimulation of quiescent BALB/c 3T3 cells. We show that the transient expression of both protooncogenes, as detected in run-off transcription experiments, is reflected accurately in the changing affinity of their constituent nucleosomes for the HgII column. The chromatographic separation of transcriptionally active nucleosomes has also been applied to studies of the mechanism of "superinduction" of oncogene expression when 3T3 cells are exposed to inhibitors of protein synthesis (3, 5, 6, 8 (4, 16) , and treated with DNase I and proteinase K prior to extraction of the RNA and further purification steps (4) . RNA samples were hybridized to a 4.8-kb Xba I-BamHI restriction fragment from plasmid pSVc-myc-1 (ATCC 41029) or to a mixture of the 1.5-kb Sst I-EcoRI and 5.3-kb EcoRI fragments from plasmid pcfos(mouse)-3 (ATCC 41041).
RESULTS

Separation of Transcriptionally Active and Inactive
Nucleosomes. Unfolding of the nucleosomes in transcriptionally active genes affects the central domain ofthe nucleosome "cores," where the SH groups of the two histone H3 molecules lie in close proximity (17) (18) (19) (20) (21) (22) (23) . These groups are not accessible to SH reagents in the compactly beaded nucleosomes of inactive chromatin (2, 18, 21, (24) (25) (26) , but they become accessible as the nucleosomes unfold during transcription (1, 2) . This change in nucleosome topography and SH reactivity along transcriptionally active genes makes it possible to separate the unfolded nucleosomes by Hg"1-affinity chromatography (1) . Fig. 1 shows a typical separation of the mixture of "active" and "inactive" nucleosomes generated by a brief micrococcal nuclease-digestion of isolated 3T3 cell nuclei. After the flow-through fraction of unbound nucleosomes was collected, the Hg"1-bound nucleosomes were displaced from the column with 10 mM dithiothreitol. The procedure is rapid and reproducible, and it allows the recovery of >96% of the nucleosomes containing accessible H3 sulfhydryl groups (1). DNA-sizing experiments showed that both fractions contained predominantly monomer-length DNA (170-180 base pairs) (Fig. 1 Inset A) . Electrophoretic analyses of the nucleosomal histones showed that the proportions of the major core histones (H2A, H2B, H3, and H4) were the same in the Hg"1-bound and unbound fractions ( Fig. 1 Nuclei were isolated from serum-stimulated 3T3 cells at 0, 15, 30, 60, 180, 240, and 360 min, and each nuclear preparation was treated with micrococcal nuclease to release about 10% of the total DNA. The released nucleosomes were fractionated on Hg" columns to separate the compact nucleosomes of the flow-through fraction from the unfolded nucleosomes retained by the column and subsequently displaced with 10 mM dithiothreitol. The DNA in each of the nucleosome fractions was analyzed by slot-blot hybridizations to 32P-labeled cloned cDNA probes for c-fos and c-myc. Comparisons of the slot-blot autoradiograms for the unbound and Hg"-bound nucleosomes at each of the successive times clearly shows that the retention on the Hg" column of the protooncogene nucleosomes depends on the timing of their expression (Fig. 2) . For example, c-myc DNA sequences are not recovered in the HgII-bound nucleosomes at 0 or 15 min but are localized exclusively in the flow-through fraction. At 30 min, c-myc DNA begins to appear in the Hg"l-bound fraction, and by 60 min it is all recovered in the unfolded nucleosomes. Nuclear transcription assays (see Fig. 4B ) confirm that the nucleosome conformational changes mirror the activity of the c-myc genes at 15 and 60 min. Later, at 4 or 6 hr, the situation is reversed and little or no c-myc DNA is associated with the HgII-bound nucleosome fraction. Quantitative densitometry of less-exposed autoradiograms allows an estimate of the proportions of the total c-myc DNA present in the Hg"1-bound and unbound nucleosomes at successive times following serum stimulation. A plot of these data (Fig. 3A) shows the reversible nature of the conformational changes taking place in the nucleosomes of the c-myc gene during its activation and subsequent repression.
A similar analysis of the distribution of c-fos DNA sequences in the Hg"-bound and unbound nucleosomes also confirms that an unfolding of the nucleosome cores takes place when transcription begins. Hybridizations to 32p_ labeled c-fos DNA show a more rapid kinetics of nucleosome unfolding than observed for the c-myc nucleosomes (Fig. 2) . All of the c-fos hybridization signal is recovered in the Hg"1-bound fraction at 15 min when transcription is at its maximum ( Fig. 4B) but at 30 or 60 min, when c-fos transcription is barely detectable (ref. 4 and (3, 5, 6, 8, 27, 28) , puromycin (5) , or anisomycin (27) are added to the culture medium. There is good evidence that this effect is due to a stimulation of transcription of the responding protooncogenes, since superinduction is blocked by actinomycin D (3) and can be monitored by the enhancement of activity of cycloheximide-treated 3T3 cell nuclei in run-off transcription assays (27) . We investigated the relationship between nucleosome structure and the superinduced state of c-fos and c-myc by Hg"I-affinity chromatography of the nucleosomes of serumstimulated 3T3 cells at different times after exposure to cycloheximide. The times selected were chosen to introduce the protein synthesis inhibitor when virtually all of the c-fos and c-myc nucleosomes had reverted to the compact, inactive form; i.e., at 30 min for c-fos and at 3 hr for c-myc (Fig. 3) . Exposure to cycloheximide between 30 and 60 min resulted in reactivation of the c-fos gene, as evidenced by the binding of 99% of its constituent nucleosomes to the Hg" column at the 60-min time point (Fig. 4A) and by the activity of the isolated nuclei in run-off transcription assays (Fig. 4B) . A similar experiment, in which cycloheximide was added at 3 hr and the nucleosomes were fractionated 30 min later, also showed reactivation of c-fos transcription (Fig. 4B ), but the effect was transient; 3 hr after cycloheximide addition the c-fos nucleosomes had reverted to the compact form and appeared in the flow-through fraction (Fig. 2) .
For c-myc, the addition of cycloheximide at the 3-hr time point reactivated the gene and all of the c-myc hybridization signal was recovered in the HgII-bound nucleosomes prepared 3 hr later (Fig. 4A) . In this case, superinduction leads to a relatively stable unfolded configuration of the c-myc nucleosomes, which remain active, as judged by run-off transcription assays (data not shown). Thus, for both c-fos and c-myc, the inhibition of protein synthesis following transient expression and regression to the inactive state results in reactivation of the protooncogenic chromatin and unfolding of the nucleosomes.
DISCUSSION
The present experiments were designed to determine whether the kinetics of nucleosome unfolding and refolding were compatible with the timing of changes in the transcription of well-defined DNA sequences having different programs of expression. The results are clear-cut. They show that unfolding of the nucleosomes is a rapid process that occurs within minutes when c-fos transcription is activated. They show that the effect is gene-specific. No unfolding of the c-myc nucleosomes is observed during the activation of the c-fos gene, but later, when c-fos transcription is suppressed and c-myc reaches its peak of activity, all of the c-myc nucleosomes bind to the HgII column. The results also show that the nucleosome "cores" along each protooncogene revert to the compact, beaded state as its transcriptional activity ceases. Therefore, unfolding of the nucleosomes is a dynamic and reversible process that accurately reflects the timing and extent (Figs. 3 and 4) of transcription of the associated DNA sequences. Evidence that this change in topography of the nucleosome core depends on the hyperacetylation of histones H3 and H4 is presented elsewhere (1) .
Of particular interest is the correspondence between nucleosome conformation, as determined by HgII-affinity chromatography, and the superinducing effects of a protein synthesis inhibitor on c-fos and c-myc expression. We find that cycloheximide treatment results in a transient reactivation of c-fos that is reflected in the unfolding of its nucleosomes and in the enhanced synthesis of c-fos RNA in isolated nuclei. Similar conformational changes take place during the superinduction of c-myc. Our results not only confirm that a block in protein synthesis leads to an augmen- (3, 5, 6, 8, 27, 28) , they show that this effect must involve some aspect of chromatin reorganization to facilitate transcription. While there is compelling evidence that the stability of the c-fos and c-myc mRNAs are also key factors in the program of oncogene expression (29) (30) (31) (32) (33) (34) (35) and that the protooncogene mRNA lifetimes are extended in cycloheximide-treated cells (29, 31) , we conclude that such posttranscriptional controls are not the only or primary basis for the superinducing effects of cycloheximide in serum-stimulated 3T3 cells. Instead, the changes in nucleosome structure and the enhancement of protooncogene transcription are more supportive of the hypothesis that cycloheximide prevents the synthesis of labile, transacting repressor proteins and thus maintains the genes in their active states (3, 36) . The latter view is also supported by the identification of DNA sequences near the c-myc promoters that suppress its expression (36) and by the observation that factors in human cells in which c-myc is inactive can suppress an active mouse c-myc gene in mouse-human hybrid cells (37) .
The changes in nucleosome conformation that accompany the activation of c-fos and c-myc are part of a larger program of chromatin structural changes, some of which affect regulatory DNA sequences (38) (39) (40) (41) (42) (43) (44) (45) (46) . How the conformational changes within the nucleosomes of the c-fos and c-myc transcription units are coupled to alterations in DNA superhelicity and DNase I-hypersensitivity at specific sites in their flanking nontranscribed regions remains an open and challenging problem.
Unfolding of the nucleosome core particles has now been observed to correlate with transcription in species as diverse as myxomycetes (2) and mammals (1) . The change in nucleosome topography can be monitored by Hg"l-affinity chromatography, a relatively simple and reproducible procedure that allows the selective recovery of the nucleosomes being transcribed at the time. In concert with DNADNA or DNARNA hybridization techniques, Hg"-affinity chromatography should find many applications in studies of gene expression and its control. It should also prove to be a powerful approach to the detection of aberrant gene expression during malignant transformation.
